Nb-doped SrTiO 3 thermoelectric ceramic composites with potassium titanate (KTO) nanowires addition were fabricated by the pressure-less sintering method in an Ar atmosphere. KTO addition significantly reduced the thermal conductivity and enhanced the electrical conductivity. Meanwhile, the Seebeck coefficient was almost independent of KTO addition, thus, enhancing the dimensionless thermoelectric figure of merit, ZT. The sample with 3 wt % KTO addition gave the maximum ZT of 0.34 at 900 K. The reason for the enhanced thermoelectric properties by KTO addition was also investigated.
Introduction
In order to improve the performance of thermoelectric materials, thermal conductivity should be reduced, and electrical conductivity should be increased: The two requirements can go together by using certain types of nanocomposites. Thermoelectric bulk materials with nanostructured constituents have been proposed to be promising materials with high thermoelectric performances. 1) Recently, a variety of thermoelectric bulk nanocomposite materials with thermoelectric properties better than bulk materials have been prepared. Zhang et al. prepared Ag x Sb 2¹x Te 3¹x thermoelectric materials with nanostructured Ag 2 Te embedded in the AgSbTe 2 matrix by in-situ precipitation method, and the maximum dimensionless thermoelectric figure of merit, ZT, of 1.53 was obtained at 500 K.
2) Ahn et al. prepared PbTe/CdTe thermoelectric bulk alloys with CdTe nanocrystals by melt technique, and the obtained maximum ZT was 1.2 at 723 K.
3) Fan et al. fabricated Bi 0.4 Sb 1.6 Te 3 nanocomposites through mixing nanostructured Bi 0.4 Sb 1.6 Te 3 particles with micron-sized particles, and the maximum ZT of 1.8 at 316 K was obtained. 4) Lan et al. prepared bulk nanograined bismuth antimony telluride by a ball milling and hot-pressing method, and the maximum ZT reached 1.4 at 373 K. 5) However, the use of rare or toxic elements in above-mentioned compounds with nanostructured constituents will limit their large-scale commercial applications, even though their ZT values were more than 1.0.
Nowadays, ceramic oxide thermoelectric materials are receiving increased interest because they are economical, environmentally friendly, possess various chemical compositions, and consist of naturally abundant elements. Among the p-type oxide thermoelectric bulk materials, the layered sodium cobaltite Na x CoO 2¹¤ single crystal has the highest dimensionless figure of merit, ZT value, higher than 1.0 at 800 K, 6) which can meat the basic requirements of practical applications. However, among the n-type oxide thermoelectric bulk materials, even though Nbdoped SrTiO 3 bulk ceramic (prepared by hot-pressing method) has the highest ZT value at 900 K, 0.29, 7) but it is still very low, compared with p-type sodium cobaltite, and thus urgently needs to improve. Very recently, we prepared Nb-doped SrTiO 3 composites by adding nanostructured yttria stabilized zirconia (YSZ) 8) and mesoporous silica (MS) 9) by the pressure-less sintering method. These additions could effectively reduce thermal conductivity by enhancing phonon scattering at grain boundaries and increase the electrical conductivity by promoting densification, and then enhanced the ZT value, which strongly triggered our interest to investigate other effective nanosized additions to further enhance the thermoelectric properties of Nbdoped SrTiO 3 .
Herein, we used potassium titanate (KTO) nanowire for the nanosized addition, and investigated its effects on the thermoelectric properties of Nb-doped SrTiO 3 ceramics. 10) with the diameter of 2040 nm and the length of several hundreds, were homogenously mixed into Nb-doped SrTiO 3 powders. Finally, Nb-doped SrTiO 3 ceramic samples without KTO and with KTO addition, 1 wt % (1.7 vol %), 3 wt % (5 vol %) and 5 wt % (8.3 vol %), were fabricated by conventional pressure-less sintering at 1500°C for 3 h in an Ar atmosphere. The morphologies of the specimens were observed by a scanning electron microscope (SEM, S-3000N, Hitachi). The thermoelectric properties, including the Seebeck coefficient and electrical conductivity, were measured at 300900 K in an Ar atmosphere using an automatic thermoelectric measuring apparatus (RZ-2001K, Ozawa Scientific). The thermal diffusivity was measured by the common laser flash method (TC-9000V, ULVAC-RIKO). The specific heat capacity was measured by a differential scanning calorimeter system (DSC-2910, TA Instruments). Figure 1 shows the temperature dependence of electronic transport properties of KTO/NbSTO composites, namely, electrical conductivity (·) and Seebeck coefficient (S). KTO addition significantly increased the electrical conductivity ( Fig. 1(a) ). Meanwhile, KTO addition only had a very small effect on Seebeck coefficient (Fig. 1(b) ).
Experimental procedure

Results and discussion
Figure 2(a) shows the temperature dependence of the measured thermal conductivity (¬ measured ) of KTO/NbSTO composites. The relative density of these samples drastically differed. Hence, the measured thermal conductivity does not accurately reflect the effect of KTO addition. To exclude the effect of porosity, the extrapolated thermal conductivity (Fig. 2(b) ) of a completely dense KTO/NbSTO composite with zero porosity (¬ 0 ) was calculated using Klemens' equation:
where ¤ is the porosity of samples. Fig. 2(b) shows that KTO addition could reduce the thermal conductivity of NbSTO polycrystalline ceramics significantly. The temperature dependent dimensionless figure of merit, ZT, of KTO/NbSTO composites is shown in Figure 3 . It was found that the ZT value was increased significantly by KTO addition. The sample with 3 wt % KTO gave the highest ZT value at 900 K, 0.34, which was 14 times higher than the sample without KTO addition. The enhancement in ZT value was mainly beneficial from the significantly increased electrical conductivity and reduced thermal conductivity. The maximum ZT value, 0.34 at 900 K, is much higher than our previous ZT values obtained by using nanostructured YSZ addition (ZT = 0.21 at 900 K) 8) and MS addition (ZT = 0.165 at 900 K).
9) It strongly suggests that KTO addition is more effective than YSZ or MS additions to enhance the thermoelectric properties of NbSTO. Figure 4 shows the XRD pattern of KTO/NbSTO composites. In the composites with KTO content of 1 wt %, 3 wt % and 5 wt %, KTO content was very low, thus only diffraction peaks from STO could be detected. To verify whether KTO reacted Journal of the Ceramic Society of Japan 118 [11] 1098-1101 2010 with STO at high temperatures, we increased the KTO content to 30 wt % (50 vol %) (Fig. 4(e) ), and a new phase, Ki 3 Ti 8 O 17 was formed, strongly suggesting that Ki 3 Ti 8 O 17 was also formed from starting K 2 Ti 6 O 13 in the composites with low KTO content even though it was not detected in the XRD patterns. Figure 5 shows scanning electron micrographs (SEM) of KTO/NbSTO composites. It was found that KTO addition promoted the grain growth of NbSTO markedly. Energy dispersive X-ray (EDX) analysis (Fig. 5(e) ) of the sample with 3 wt % KTO addition (Fig. 5(d) ) indicated that the titanium content in the grain boundary was much higher than that in the grain, which revealed that KTO addition could be mainly distributed in the grain boundary regions. As with SrTiO 3 ceramic, generally, when the sintering temperature was higher than 1250°C, the volume diffusion is the main sintering mechanism.
12) NbSTO composite with KTO addition (K 2 Ti 6 O 13 ) was Ti-richer than SrTiO 3 , and Ti excess may create cation vacancies and therefore promoted volume diffusion. It is also speculated that KTO addition and second phase formation may have changed the major sintering mechanism. For example, liquid phase sintering may have enhanced both densification and grain growth. However, sintering mechanism is still unclear and should be subject to the future investigation.
Grain growth of NbSTO reduced interface scattering of the electrons, enhanced carrier mobility, 8) , 13) and hence increased the electrical conductivity. KTO with much lower thermal conductivity than STO, 14) located in grain boundaries can scatter phonons more effectively, which might be the main reason for the reduced thermal conductivity of NbSTO ceramic.
It seems to be peculiar at first sight that Seebeck coefficient did not change very much by KTO addition (Fig. 1(b) ) while electrical conductivity and thermal conductivity were significantly affected. It was already reported that heavily Nb-doped STO (more than 10% Nb doping) is a degenerate semiconductor 15) , 16) and the Seebeck coefficient (S) can be expressed, in general, by the following equation:
where k B , h, m*, and n are Boltzmann constant, Planck constant, the effective mass of the carriers, and the carrier concentration, respectively. Equation (2) 
Conclusions
Addition of potassium titanate (KTO) nanowires enhanced the ZT value of NbSTO ceramics significantly, and the sample with KTO addition (3 wt %) gave the maximum ZT of 0.34 at 900 K. As for the improvement in the thermoelectric properties of NbSTO, KTO addition was more effective than YSZ and MS additions. Obviously reduced thermal conductivity and increased electrical conductivity contributed to the enhancement in ZT value. Enhancement of the electrical conductivity was mainly caused by promoted grain growth. Reduction of the thermal conductivity was mainly due to the enhanced phonon scattering at grain boundaries. Seebeck coefficient was almost independent of KTO addition, which could be mainly because KTO addition didn't affect the carrier concentration.
